Phosphoglycerate kinase catalyzes the phosphorylation of 3-phosphoglycerate to 1,3-diphosphoglycerate using ATP within the Calvin-Benson cycle. Recent proteomic analysis of thioredoxin targets in Synechocystis sp. PCC6803 revealed this enzyme as one of the target candidates, and we present here further characterization of the interaction between these proteins. By using the His-tagged recombinant enzyme, we determined that Synechocystis phosphoglycerate kinase is inactivated by oxidation and that the oxidized enzyme is easily reduced and reactivated by thioredoxin, suggesting a role for thioredoxin in the control of the redox state of this enzyme. In addition, thorough analysis of redox-relevant cysteines revealed that a cysteine pair, Cys314 and Cys340, located on the C-terminal domain of the molecule, is critical for redox regulation.
Introduction
In oxygen-evolving photosynthetic organisms, thioredoxin is responsible for redox-dependent regulation of thiol enzymes (Buchanan and Balmer 2005, Schurmann and Buchanan 2008) . Four enzymes in the Calvin-Benson cycle, namely glyceraldehyde 3-phosphate dehydrogenase, fructose 1,6-bisphosphatase, sedoheptulose 1,7-bisphosphatase and phosphoribulokinase, have been the subject of extensive studies, and shown to be thiol-enzymes whose activities are suppressed by oxidation and reactivated by reduction (Buchanan 1991) . Each of these enzymes possesses multiple redox-responsive cysteines. The chloroplast-type thioredoxin (Trx) is a critical reducing equivalent mediator responsible for the reduction of the cysteine residues located within these enzymes, and Trx itself is continuously reduced by photosynthetic electron transport via ferredoxin-thioredoxin reductase. Hence the Calvin-Benson cycle is indirectly controlled by photosynthetic electron transport via the Trx system in the cell or organelle.
In 2001, we developed a novel Trx affinity chromatography screening method, which is ideal for identifying Trx-partner proteins in the cell or organelle (Motohashi et al. 2001 , Hisabori et al. 2005 . This method allows comprehensive capture of potential Trx target proteins and its development has allowed a number of groups to conduct proteomic analysis of Trx target proteins in the cell and in the organelle (see the review by Montrichard et al. 2009) . By using the method described above, phosphoglycerate kinase (PGK) was identified as a potential Trx target in Synechocystis sp. PCC6803 (hereafter referred to as Synechocystis) (Perez-Perez et al. 2006 , Perez-Perez et al. 2009 ), a model photosynthetic organism whose whole genome was sequenced and defined in 1996 (Kaneko et al. 1996a , Kaneko et al. 1996b ). PGK catalyzes ATP-dependent phosphorylation of 3-phosphoglycerate (3-PG) to 1,3-diphosphoglycerate, thus catalyzing the second step of the Calvin-Benson cycle of photosynthetic organisms. PGK is commonly known as a soluble protein and only one gene for PGK is found in Synechocystis, though a recent proteomic analysis of plasma membrane proteins of this cyanobacterium revealed that PGK is also found as a membrane-bound protein in the cell (Pisareva et al. 2007 ). However, nothing is known to date about the heterologous localization of this enzyme in cyanobacterial cells. Furthermore, although this enzyme was captured by Trx affinity chromatography, there are as yet no reports describing its redox regulation. Recently, Zaffagnini et al. (2012) reported the glutathionylation of PGK in Chlamydomonas reinharditii, suggesting that the redoxresponsive cysteine(s) are those located on the molecular surface of the enzyme in the C-terminal domain (marked with a blue diamond in Fig. 1) .
We here sought to determine whether the enzyme activity of Synechocystis PGK is regulated by the redox change of the protein and reactivation is achieved by the reduced form Trx. During preparation of this manuscript, Bosco et al. (2012) reported the biochemical properties of plastidic PGK obtained from the diatom Phaeodactylum tricornutum. In that study, they suggest that inactivation of PGK under oxidation conditions is induced by oxidation of Cys77 to produce sulfenic acid, and that a disulfide bond is formed between Cys58 and Cys95, although they failed to show evidence for the direct involvement of these cysteines in the redox-induced change in activity (see Fig. 1 ).
The molecular structure of PGK is strongly conserved in all species studied so far, and consists of two domains, an N-terminal domain and a C-terminal domain, connected by a linker a-helix (Banks et al. 1979 , Watson et al. 1982 , Young et al. 2007 . Each domain binds one of two substrates; the N-terminal domain harbors a 3-PG-binding site and the C-terminal domain has a nucleotide-binding site (May et al. 1996 , Auerbach et al. 1997 , Bernstein and Hol 1998 . By substrate binding to these domains and the ensuing catalytic reactions, a large conformational change must be induced in the linker region resulting in a molecule that displays a closed conformation, as confirmed by crystal structure analyses.
In the case of Synechocystis PGK, two of five cysteine residues must be located in the N-terminal domain while the other three cysteine residues are in the C-terminal domain (Fig. 1, red diamonds) . The function of these cysteine residues in Synechocystis PGK was studied using mutant enzymes lacking the desired cysteines by way of alanine substitution. The correlations between formation or reduction of the disulfide bond in the enzyme molecule and the change in enzyme activity are reported here.
Results and Discussion
Kinetic parameters of the purified PGK Since no reports so far exist describing the biochemical characterization of PGK from Synechocystis, we first studied the enzyme kinetics of the wild-type recombinant PGK obtained from Synechocystis. PGK activities were measured according to the method described in the Materials and Methods using various concentrations of 3-PG and ATP as substrates. Consequently, V max and K m values for these two substrates PCC6803 ; Ana_7120, Anabaena sp. PCC7120; Cyanidioschyzon, Cyanidioschyzon merolae; Phaeodactylum, Phaeodactylum tricornutum; Chlamydomonas, Chlamydomonas reinhardtii; S_oleracea, Spinacia oleracea. Five cysteines of Synechocystis PGK investigated in this study are shown with red letters and marked. Cysteines of P. tricornutum reported in Bosco et al. (2012) are shown with reversed characters. The N-terminal domain is shown with a light-green bar and the C-terminal domain with an orange bar based on the reported structure of E. coli PGK (Young et al. 2007) . Glutathionylated cysteine in C. reinharditii (Zaffagnini et al. 2012 ) is marked with a blue diamond.
were directly determined by curve fitting to the observed reaction rates plotted against the substrate concentrations used, using the least squares method (Fig. 2) . Values obtained for V max and K m for 3-PG and ATP are shown in Table 1 . These values were similar to those reported for PGK from other organisms (Fifis and Scopes 1978, Lee 1982) . We therefore concluded that Synechocystis PGK is active and participates in carbon fixation reactions in vivo.
Inactivation of PGK by oxidation and its reactivation by TrxM
Based on the kinetic measurements as mentioned, we noticed that the activity of purified recombinant PGK in the presence of 5 mM 3-PG and 5 mM ATP showed reaction rates (600 mmol min À1 mg À1 of protein) comparable with those of PGKs from other species (Macioszek et al. 1990 ). We then carried out the measurements of redox-induced changes in PGK activity using these substrate saturation concentrations. Since the recombinant PGK expressed in Escherichia coli was purified in the reduced form, we incubated the protein with low concentrations of CuCl 2 to oxidize possible dithiols present in the molecule. Consequently, PGK activity was almost nullified by complete oxidation (Figs. 3A, 4A). When the protein was incubated with the reducing reagent dithiothreitol (DTT), the activity was restored in a DTT concentration-dependent manner. The cause of the observed inactivation seemed to be the formation of disulfide bond(s) in the enzyme molecule or the conversion of thiol moieties to sulfene. To confirm the redox status of the desired thiols, we used the thiol-binding maleimide compound 4-acetamido-4 0 -maleimidylstilbene-2,2 0 -disulfonic acid (AMS), which selectively reacts with the free reactive thiols. The labeled proteins were then analyzed by non-reducing SDS-PAGE (Fig. 3B) .
Interaction between oxidized PGK and TrxM was initially identified by proteomic analysis of Trx-associated proteins in Synechocystis (Perez-Perez et al. 2006 ). We therefore investigated whether TrxM can assist the reduction of this oxidized PGK in the presence of DTT. As shown in Fig. 3A , reduction was easily achieved and the activity was restored when small Ox.
Int. amounts of Trx were supplied together with DTT. The enzyme showed almost full activity when incubated in the presence of 25 mM DTT together with 1 mM TrxM. Complete reduction of the protein under these conditions was confirmed by AMS labeling (Fig. 3B) , indicating that the oxidized PGK contains Trx-accessible disulfide bond(s) or sulfenic acid(s). In addition, PGK showed two different oxidation states (Fig. 3B, lower band and intermediate band) . However, the generation of sulfenic acid(s) in the molecule is not conceivable under the present experimental oxidizing conditions, since we used low concentrations of CuCl 2 for protein oxidation, which will mainly introduce disulfide bonds within approximate thiol moieties using molecular oxygen in the solution.
Identification of critical cysteine(s) of PGK for the activity using cysteine mutants
Synechocystis PGK was first identified by analysis of the genomic sequence (Kaneko et al. 1996a , Kaneko et al. 1996b , and was revealed to possess five cysteine residues ( Fig. 1) , only two of which, C97 and C216, are strongly conserved in photosynthetic organisms. In order to identify the cysteines responsible for redox regulation on Synechocystis PGK, we prepared five mutants in which cysteine residues were substituted with alanine (C94A, C97A, C216A, C314A and C340A) and investigated their redox sensitivities. All the mutant proteins were expressed as soluble proteins and were purified uniformly. They maintained activities comparable with the wild-type enzyme (their activities were 460-870 mmol min À1 mg À1 of protein, as shown in Fig. 4A ). Redox-dependent changes in the activity (Fig. 4A) and the redox states of the cysteines (Fig. 4B) were then investigated. The activities of all five mutants decreased significantly when oxidized and the decreases were partially recovered when the enzymes were reduced by DTT. Recovery of the activity was further enhanced by TrxM in the presence of DTT in all five mutants. However, inactivation by oxidation was not significant in the case of the C340A mutant.
In contrast, analyses of the redox situation of the cysteine using the AMS labeling method revealed two different redox states of the enzyme molecule. The wild type and three mutants, C216A, C314A and C340A, showed three bands on the gel, oxidized, intermediate and reduced forms (Fig. 4B) , as a function of the redox treatment. However, the C94A and C97A mutants showed only two bands: oxidized and reduced forms. These results imply that mutants showing three bands can form two different disulfide bonds, although those showing two bands only form one disulfide bond. PGK consists of two well-conserved domains, namely the N-terminal domain and C-terminal domain. Although the crystal structure of Synechocystis PGK has not been reported yet, Cys94 and Cys97 are located close to one another in the N-terminal domain, and the other three cysteines reside in the C-terminal domain and may form two different pairs for disulfide bond formation based on the three-dimensional molecular modeling of Synechocystis PGK (Fig. 5) .
Since C94A and C97A mutants cannot form a disulfide bond between Cys94 and Cys97 at the N-terminal domain due to the lack of one cysteine, they form only one disulfide bond by oxidation at the C-terminal domain. In contrast, the remaining three mutants can form a disulfide bond within two of three cysteines in addition to the Cys94-Cys97 disulfide bond in the N-terminal domain. However, the ratio of the three bands formed in the C314A mutant was very different from that of the other two mutants, C216A and C340A, which were similar to the wild type. The oxidized band was virtually non-existent in the case of C314A, whereas C216A and C340A were mostly oxidized under the same experimental conditions. This implies that the Cys216-Cys340 pair is largely unable to form a disulfide bond at the C-terminal domain.
The predicted number of disulfide bond(s) and the extent of redox regulation are summarized in Table 2 . The redox sensitivity of the activity shown in Fig. 4A clearly demonstrates that the disulfide bond responsible for redox regulation is not the Cys94-Cys97 pair. However, the results obtained from the C314A mutant indicate that the Cys94-Cys97 pair partially controls the activity, as this mutant cannot form the Cys216-Cys340 disulfide bond, as mentioned. Since the activity of the mutant C340A was almost insensitive to redox change (Fig. 4A ) and C216A shows a similar redox profile to the wild-type, we conclude that the disulfide bond involved in PGK regulation can be formed between Cys314 and Cys340. This conclusion was further confirmed using the C314A/C340A double cysteine mutant (Fig. 4A, B) . Redox change in activity of the mutant was largely suppressed. In addition, we only observed one disulfide bond in the molecule, probably at the Cys94-Cys97 pair (Fig. 4B, Table 2 ). Interestingly, all the disulfide bonds found in these experiments could be reduced efficiently by the reduced form of Trx.
Redox regulation of cyanobacterial PGK
In this study, redox regulation of PGK in the cyanobacterium Synechocystis sp. PCC6803 was extensively studied. We showed that recombinant PGK is very sensitive to the redox state and the oxidized enzyme loses its activity completely. This inactive enzyme was easily recovered upon addition of Trx and DTT, suggesting that Synechocystis PGK is a target protein of Trx in vivo. Although we could not detect the oxidized form of PGK in vivo even under oxidative stress conditions, the reason for this may be that PGK is a very critical enzyme in the Calvin-Benson cycle and thus the activity should always be maintained by Trx. As mentioned, thorough analysis of cysteine mutations of Synechocystis PGK indicated that the most critical cysteine pair is Cys314 and Cys340 located in the C-terminal domain. However, Cys340 is unique on Synechocystis PGK (Fig. 1) and is not conserved in PGKs of other cyanobacteria, for which whole-genome information is registered in Cyanobase (see Supplementary Fig. S1 ). Red.
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Int. Fig. S1 ). When the molecular models are predicted by the SWISS-MODEL repository, these cysteines are much closer to Cys314 than Cys340 of Synechocystis PGK and it is quite plausible that they form the disulfide bond (see Supplementary Fig. S2 ). Although the physiological significance of the disulfide bond on the PGK molecule in these species is not known yet, the significant role of Trx as a reducing equivalent mediator must be reduction of undesired disulfide bonds formed under unexpected oxidative conditions. We have reported the similar function of Trx-h from Arabidopsis thaliana in the oxidation of cytosolic malate dehydrogenase (Hara et al. 2006) . Very interestingly, the nitrogen fixation-type cyanobacteria such as Anabaena sp. PCC 7120, Anabaena valiabilis ATCC 29413 and Nostoc punctiforme ATCC 29133 do not possess most of the cysteines conserved in the cyanobacterial PGK molecules ( Supplementary Fig. S1 ). Since these cyanobacteria form the very specific heterocyst cells under nitrogen starvation conditions, and these specialized cells work especially for nitrogen fixation, cysteine residues of PGK mainly absent in these cyanobacteria might confer a certain disadvantage and therefore disappeared during the evolutionary process.
Ox/Trx
In addition, recent analysis of the nucleotide-binding sites on PGK shows that two cysteine residues, Cys314 and Cys340, of Synechocystis cells are located very close to the nucleotide-binding site, where Lys219, Asn336 and Glu343 (the numbering is based on human PGK) are assigned as the residues interacting with nucleotides (Szabo et al. 2008) . Therefore, the formation of a disulfide bond in the C-terminal domain may induce a conformational change, which directly affects the nucleotide binding and thus prevents the catalytic reaction.
Materials and Methods
Cloning, expression and purification of Synechocystis PGK
The gene, slr0394, encoding Synechocystis PGK was amplified by PCR using genomic DNA from Synechocystis as a template. Two primers, one containing an NdeI site (5 0 -GCGCCGCATAT GTCTAAGCAATCGATCGCC-3 0 ) and the other containing a BamHI site (5 0 -CGGCGCGGATCCTTATCGGTCATCTAAAGC GGC-3 0 ), were used. The amplified DNA fragment was then cloned into the pET-28 vector (Invitrogen), and the correct sequence of the plasmid obtained was confirmed by DNA sequencing. A 6ÂHis tag was added to the N-terminus of the vector to enable subsequent purification of the protein. The plasmids were then transformed into the expression host E. coli strain BL21(DE3), and the bacteria were cultivated on plates of Luria-Bertani medium containing 20 mg ml À1 kanamycin. A single colony was selected and cultured in 3 ml of liquid medium containing 50 mg ml À1 kanamycin. The liquid culture was then inoculated into 1 liter of the same medium and incubated at 37 C until an OD 600 = 0.8-1.0 was reached. After induction with 1 mM isopropyl-b-D-thiogalactopyranoside, the cells were incubated for a further 3 h, collected by centrifugation and stored at -20 C. Overexpressed PGK was purified from the collected E. coli cells as follows. Escherichia coli cells were suspended in 50 mM Tris-HCl (pH 7.5) and disrupted by a French pressure cell (5501-M, Ohtake Works) at 4 C. The disrupted cells were centrifuged at 27,000Âg for 20 min at 4 C, and the supernatant obtained was fractionated by Ni-NTA column chromatography (Qiagen). The major protein fraction, which was eluted from the column with 100 mM imidazole, was collected and concentrated to 20 mg ml À1 with a centrifuge concentrator, Amicon Ultra-15 (cut-off mol. wt = 30 kDa, Millipore). The proteins were further purified by a Superdex-200 HPLC column (GE Healthcare), which was previously equilibrated with 50 mM HEPES-KOH, pH 8.0, and 100 mM N-terminal domain C-terminal domain
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Cys 340 Fig. 5 Predicted structure of PGK. The structure of the Synechocystis PGK was obtained from the SWISS-MODEL repository. The model is based on the known structure of PGK from Bacillus stearothermophilus (PDB:1PHP). This model should represent the reduced form of the enzyme molecule, since the referenced PGK possesses only one cysteine at position 18. The image of the three-dimensional structure was generated with PyMOL. Fig. 4B . b The extent of regulation of activity was evaluated based on the redox changes of the activities shown in Fig. 4A .
KCl. The elution was monitored by absorbance at 280 nm and the fraction containing the major protein peak was collected. The purified protein was finally stored at -80 C in the presence of 10% (v/v) glycerol. The stored protein remained active for >1 year under these conditions.
Site-directed mutagenesis of PGK PCR using Prime star max (TAKARA) was used for site-directed mutagenesis of PGK using the primers listed in Supplementary  Table S1 and the PGK expression plasmid as a template. The plasmids containing the desired mutation were transformed into the host E. coli strain DH5a. For C340A mutation, the megaprimer method was used (Sarkar and Sommer 1990) . Correct sequences of plasmids for mutants were confirmed by DNA sequencing.
Oxidation and reduction of PGK
To obtain PGK in an oxidized form, the purified PGK was incubated with 30 mM CuCl 2 for 25 min at 25 C. The protein was then incubated to a final concentration of 1 mM EDTA for 5 min at 25 C to remove Cu
2+
. For reduction of the protein, 0.5 mM oxidized PGK was incubated with or without 1 mM TrxM of Synechocystis sp. PCC6803 in the presence of the indicated concentrations of DTT for 30 min at 30 C. The redox state of PGK was then confirmed by SDS-PAGE followed by AMS labeling. AMS labeling and non-reducing SDS-PAGE of PGK were performed by the method described in Motohashi et al. (2001) . TrxM was also expressed and purified by the method described in Motohashi et al. (2003) .
Assay of PGK
The 3-phosphoglycerate kinase activity of PGK was measured by a coupled assay using glyceraldehyde dehydrogenase and NADH as previously reported (Macioszek et al. 1990 ) except that the temperature was 30 C. The decrease in absorbance at 340 nm was monitored with a spectrophotometer, and the activity was calculated based on the absorption coefficient of NADH at 340 nm, 6,220 M À1 cm
À1
.
Supplementary data
Supplementary data are available at PCP online. 
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